Motivation: The classification of proteins expressed by an organism is an important step in understanding the molecular biology of that organism. Traditionally, this classification has been performed by human experts. Human knowledge can recognise the functional properties that are sufficient to place an individual gene product into a particular protein family group. Automation of this task usually fails to meet the 'gold standard' of the human annotator because of the difficult recognition stage. The growing number of genomes, the rapid changes in knowledge and the central role of classification in the annotation process, however, motivates the need to automate this process. Results: We capture human understanding of how to recognise members of the protein phosphatases family by domain architecture as an ontology. By describing protein instances in terms of the domains they contain, it is possible to use description logic reasoners and our ontology to assign those proteins to a protein family class.
INTRODUCTION
Classification of proteins is a central process in understanding the molecular biology of an organism. Sequencing is a first step in revealing the molecular machinery of a cell, but the sequences need to be characterised and classified, at DNA and protein levels, before biologists can start more thorough investigations. Techniques involved in sequencing, especially the high throughput sequencing of whole genomes, have improved dramatically in recent years. Consequently, classification and analysis of data is now the rate-limiting step. This paper describes the addition of an ontology that captures human understanding of recognizing types of protein to the process of automatic classification. By combining this knowledge with existing tools for detecting sequence features we are able to provide a thorough, systematic analysis of a protein family in different genomes, illustrating the utility of such a method in comparative genomics. This methodology does not use any new bioinformatics techniques or algorithms for detecting sequence features. Instead, it augments existing tools by providing a novel method for interpreting the results of these techniques and algorithms to perform automatic protein classification.
Approaches to analysing the large data sets produced in genome sequencing projects have ranged from the 'gold-standard' of human expert annotation to the simple automation of tools such as BLAST (Altschul et al., 1997) and Interpro (Mulder et al., 2005) . Expert analysis enables protein classification to be driven by community knowledge and can add rich, accurate information to data, but it is a time-consuming process and many academic institutions cannot support large teams of bioinformaticians required for such activities. Automated classification methods tend to be quicker, but the level of detail is often reduced, only classifying proteins into broad categories.
Many proteins are assemblies of sequence motifs and domains Each domain or motif might have a separate function within the protein, such as catalysis or regulation, but it is the overall composition that gives each protein its specific function. Recognition of domain and motif composition is a powerful bioinformatics technique which can be employed in the classification of proteins.
There are many tools dedicated to discovering these protein features, including functional domains. For example, PROSITE (Hulo et al., 2005) , SMART (Letunic et al., 2004) , and Pfam (Bateman et al., 2004) all detect various sequence features. These tools each employ different methods of analysis, for example, PROSITE uses simple pattern-matching to single motifs, whereas Pfam uses hidden markov models (HMMs).
The tool InterproScan encapsulates these, and many other functional domain resources, enabling the use of all from one query submission. In this paper we will refer to protein domains and motifs as p-domains (for protein domains), and we define p-domains as functional units of a protein that have been identified using sequence analysis tools within the InterPro collective.
InterproScan is an efficient automation of p-domain analysis, but while it reports the presence of p-domains, it does not report to which family or subfamily a protein belongs. Bioinformaticians are required to interpret this data in order to classify the protein. In certain cases, the presence of a p-domain is diagnostic for membership of a particular protein family; for example, the protein tyrosine kinase catalytic domain is diagnostic of the tyrosine kinases. However, classification at a fine-grained level, classifying proteins into subfamilies, is not usually possible without further analysis and interpretation over a collection of revealed sequence features. For automated classification methods, this need for extra human intervention limits performance.
Ontologies provide a technology for capturing and using this human understanding of a domain within computer applications (Stevens et al., 2003) . In biology, the use of ontologies to capture human knowledge of a particular research area and annotate data is becoming well established. For example, the Gene Ontology describes all gene products common to eukaryotic genomes, promoting common understanding across the community and the MGED ontology provides standardised descriptions of microarray experiments (The Gene Ontology Consortium 2004, Stevens et al., 2003) . Less well established in the community is the use of reasoning over formal ontologies and their instances, enabling data interpretation. In this study, we present a new method which makes use of this ontological reasoning and illustrates the advantages of such an approach. Our method combines the advantages of human expert analysis and the use of community knowledge with the benefits of increased speed in automated annotation methods. We use a protein family-specific ontology, defined in the OWL language (Dean et al., 2004) , to capture community knowledge of a protein family together with p-domain analyses, using InterproScan, to automate the characterisation of each protein in that family.
In this paper, we use the protein phosphatase family as a case study. The method we have developed enables the analysis of all protein phosphatases in a genome. To demonstrate its use, we present the analysis of the protein phosphatases of the human and Aspergillus fumigatus genomes. We find that in classifying proteins, our system can perform at least as well as a human phosphatase expert. In addition, the systematic and thorough analysis of all protein phosphatases revealed several interesting putative p-domain architectures that were not included in the human expert classifications. We conclude with a discussion of these results and their implication for automatic analysis of genomes.
The protein phosphatase family
Protein phosphatases and protein kinases control phosphorylation events in the cell, which regulate many different aspects of cell life and cell interactions with the environment. Recent reviews on the protein phosphatase family (Alonso et al., 2004 , Cohen, 1997 , Andersen et al., 2004 focus on either tyrosine phosphatases or serine/threonine phosphatases. There have been extensive studies into the characterisation of each in the human genome. Although each type of phosphatase performs the same chemical reaction in the cell, the removal of a phosphate group, there are distinct differences in their biological roles and catalytic specificity (Barford, 1996) .
Most serine/threonine proteins are multi subunit complexes, combining a catalytic subunit with regulatory and targeting subunits. The final combination of subunits produces the resulting number of each serine/threonine phosphatase in a given organism. For example, the protein phosphatase 1 catalytic subunit binds to different regulatory subunits. Approximately 100 of these regulatory subunits have been identified to date (Bollen, 2001) , providing differences in substrate specificity, subcellular localisation and enzymatic activity.
The tyrosine phosphatase family presents a less complicated picture. Instead of protein complexes, they are single polypeptides with different subtypes providing differences in specificity or subcellular and/or tissue location. However, the necessity for finegrained classification is increased with the subtlety of the differences between closely related proteins performing different functions. Figure 1 shows the differences in p-domain architecture of the receptor tyrosine phosphatase subfamily of proteins.
The recent implication of phosphatases in human diseases, such as diabetes, cancer and neurodegenerative conditions (Schonthal, 2001 , Zhang, 2001 and Tian & Wang, 2002 , makes the protein phosphatase family an interesting target for medical and pharmaceutical research and the size of the family means that classification at a detailed level is vital for understanding the biological role of individual proteins and for comparative genomic studies.
Phosphatase ontology
An ontology attempts to describe what exists in the world; an ontology of protein phosphatases describes what protein phosphatases exist. In computer science, an ontology creates a model of what a community understands about its domain as a highly interconnected hierarch of concepts and relationships. By agreeing upon an ontology and the terms within it, a community can create a shared understanding of their domain of study. Committing to such an ontology and its definitions can be used in several ways. One of the most common uses is as a reference; to remove semantic heterogeneity in a community in querying and integration. This has been demonstrated most prominently by the Gene Ontology (Go consortium, 2004) , where some 20 databases now use the same terminology to describe the major attributes of functionality of gene products. The GO based descriptions of data have utility not only in retrieval across many resources, but also for analysis of data in, for instance, microarray experiments.
As well as being used as a community knowledge reference, OWL-based ontologies can also be used to perform reasoning. In this work, we utilise the structure and reasoning capabilities of OWL to produce a formal representation of the protein phosphatase http://bioinformatics.oxfordjournals.org family classification (derived from the protein phosphatase research community). We then use this classification in order to assign any given individual protein to a particular type of phosphatase based entirely on how the ontology defines a type of phosphatase.
In computer science, an ontology consists of representations of the things in the world, often called classes, frames, types or sets, and the relationships between them, often called properties, slots or roles. An OWL ontology contains classes and instances and binary relationships between those instances. Classes represent sets of instances in the world being modeled. In an OWL ontology, when an instance of one class holds a relationship to another, each instance in that class must hold that relationship. So, OWL describes universals. OWL allows precise descriptions of the successors of these relationships. For example, in a class Phosphatase, we describe that all instances hold a relationship 'has domain', which has a successor Phosphatase Catalytic Domain. We can say that there must be at least one successor (existential) or that only an instance from Phosphatase Catalytic Domain can act as successors (universal). Any relationships held by a class are inherited by all subclasses; the relationships held by instances of a class can only be added to or the successors specialized in their own inheritance trees. As can be seen from Figure 1 , this interpretation of world suits the situation found with protein phosphatases. Each member of the family contains a phosphatase catalytic domain. Each sub-type simply adds more or different p-domains. This makes it highly amenable to modeling in OWL.
By describing universals an OWL ontology says that all the instances in a class must hold a particular relationship with a particular successor. This is a necessary relationship. Additionally, OWL can say that these relationships can be both necessary and sufficient. This means that when an instance holds such a combination of relationships, then that is sufficient to recognize that instance as being a member of that class. In our example, a protein having a protein phosphatase catalytic domain is sufficient to place it into the protein phosphatase class. In this way, OWL ontologies can contain definitions of classes in terms of the relationships instances of those classes hold.
The strict and precise semantics of the OWL language mean that it is amenable to automatic reasoning. OWL itself is based upon a decidable fragment of first order logic (Baader, et al., 2003) , which means it can be submitted to a reasoner. Such a reasoner can determine whether the set of axioms describing the ontology are satisfiable in any world. This practically means that it will report any logical inconsistencies in the ontology. It will also infer the hierarchy of classes implied by the descriptions given in the ontology and thus aid in the creation of a robust classification of types or classes in the ontology.
A protein phosphatase ontology expressed in OWL can capture the necessary and sufficient properties for membership in each protein phosphatase subfamily. For example, in our ontology descriptions of classes, an R5 phosphatase is a type of classical receptor tyrosine phosphatase. As a tyrosine phosphatase, it contains at least one phosphatase catalytic p-domain and as a receptor tyrosine phosphatase, it contains a transmembrane region. From figure 1, it can be seen that this is true for all receptor tyrosine phosphatases. Additionally, the R5 type actually contains two catalytic p-domains and a fibronectin p-domain, placing it into further subclasses. The presence of the distal carbonic anhydrase domain is unique to the R5 type of tyrosine phosphatase. Any protein instance exhibiting all of the above sequence features would be assigned as an instance of the R5 receptor tyrosine phosphatase class. Figure 2 shows an OWLViz representation of the protein phosphatase p-domain ontology.
By describing protein phosphatases in terms of the p-domains they contain, the phosphatase ontology captures what a human http://bioinformatics.oxfordjournals.org biologist must recognise in an individual protein in order to place it within a type of protein phosphatase. The ontology itself represents a classification of phosphatases. OWL ontologies, however, not only represent a classification, but can also perform the act of classifying. OWL can not only represent class descriptions, but also do the same for individuals. Given a classification of types or classes, a reasoner can take individuals represented in OWL using the same terms as the ontology and classify them against that ontology. This is how we use the ontology in this protein classification methodology.
The protein phosphatase ontology described in this work only describes the sequence features of proteins, but it was derived from a wider protein family ontology capturing, for example, knowledge about substrates, products, inhibitors and disease associations. This family ontology was built as part of a management system for a protein phosphatase database (Wolstencroft et al., 2005) . By automatically assigning family and subfamily classifications to new proteins using this domain ontology and reasoning, we hope to infer new knowledge for uncharacterised proteins in the database.
MATERIALS AND METHODS
The bioinformatics analyses necessary for classification of a protein sequence as a protein phosphatase can be divided into the following stages:
(1) Extract the protein phosphatase gene products from the genome in a pre-screening step, without extracting any non-phosphatase proteins (2) Perform an InterproScan on each protein phosphatase to determine its p-domain composition.
(3) Use the pattern of p-domain composition to identify to which class of phosphatases each protein belongs.
Step three in this analysis usually requires human analysis, but in our method, this is supported computationally by the use of the protein phosphatase ontology. Steps 1 and 2 are already well catered for with bioinformatics tools such as InterPro. As noted in the introduction, it is the stage of using the information provided by such tools that usually requires human intervention. Our ontology, however, captures definitions of what sequence features need to be present in an individual protein for it to be recognized as a particular type of protein phosphatase. The essence of our methodology is to use this ontology within an application to recognize the consequences of p-domain detection by InterPro for membership in a particular class of protein phosphatases. The ontology describes classes of phosphatases, but not individual proteins. In order to reason over the descriptions of individual proteins, as described in the previous section, we use a related technology, the Instance Store (Horrocks et al., 2004) .
The Instance Store combines a Description Logic reasoner with a relational database. The reasoner in this case performs the task of classification; that is, from the OWL instance descriptions given, it determines the appropriate ontology class for an instance description. The relational database provides the stability, scalability and persistence necessary for this work. The Instance Store itself provides a relatively simple programmatic interface, allowing assertion of descriptions and queries against the set of instances. It uses highly optimized algorithms to denormalise datasets as they are asserted and later determine whether the information in the database is sufficient to answer queries, or whether reasoning is required.
The automated classification system we have developed combines elements from the myGrid service-orientated architecture described previously (Stevens et al., 2004) with description logic reasoning (Baader et al., 2003) to extract and classify the protein phosphatase gene products from an organism. The system uses the OWL protein phosphatase ontology; the Figure 3 shows the architecture of the system. The use of myGrid services allows large data sets to be passed through many stages of analyses without the need for human intervention and without the need for the installation and maintenance of local databases and bioinformatics tools .
The data sets
The study focuses on the human and the Aspergillus fumigatus protein phosphatases. The human phosphatases had already been identified and extensively described in previous studies (Alonso et al., 2004 , Mustelin et al., 2005 , but in Aspergillus, the protein phosphatases required identification and extraction from the genome.
Previous classification of human phosphatases by biological experts provides a substantial test-set for the ontology. If the ontology classifies the proteins as well as the human experts have, studies on new, unknown genomes can be undertaken with greater confidence. The Aspergillus fumigatus genome offers a unique insight into the comparison between the automated method and the manual. The A. fumigatus genome has been sequenced and annotation is currently underway by a team of human experts (Mabey et al., 2004) .
Pre-screening The proteome datasets were pre-screened to isolate phosphatase proteins from the rest of the organism's proteins. This was achieved by screening for diagnostic phosphatase p-domains. These are: a) the protein tyrosine phosphatase active site motif H-C-X (5) This pre-screening process is not strictly necessary. Performing an InterProScan on each and every protein would enable the isolation of phosphatase proteins, but this step is time-consuming. One InterproScan can take up to ten minutes to perform, whereas, patmatdb can screen the whole dataset in less than a minute, reducing the overall experiment time.
InterPro
Proteins identified in the pre-screen were individually searched against Interpro using InterproScan as a web service implementation provided by the EBI. Results were gathered in XML, which was then parsed into a tab delimited format containing the Interpro accession number(s) and the numbers of times p-domains occurred.
Translation into OWL
The translation into OWL instance descriptions is largely a syntactic transformation from the previous step, although it requires implicit knowledge of the ontology. In this case, the use of naming conventions within the ontology made this transformation simple. Once translated, all descriptions of protein instances were loaded into the Instance Store. We then systematically asked the instance store which proteins belonged to which class of phosphatase. The end result of this processing was a report on the numbers and types of protein phosphatases in a genome.
RESULTS
In order to demonstrate the performance of the ontology driven classification system, the proteins identified and classified in previous human phosphatase reviews (Alonso et al., 2004 , Cohen, 1997 , and Andersen et al., 2004 were used to compare the ontology classification to that derived by human experts. Table 1 shows the number of proteins in each of the higher level protein phosphatase subfamily classes in the human classification and in the automated classification.
The comparison between the classifications clearly demonstrates that the performance of the automated ontology classification system is equal to that of the human annotated original. The ontology class definitions were sufficient to identify the differences between protein subfamilies and demonstrate the usability of the system on uncharacterised genomes. Table 1 illustrates protein numbers in phosphatase subfamilies. However, many subfamilies contain several different subtypes. For example, there are eight subtypes of receptor tyrosine phosphatases and seven subtypes of myotubularins.
An interesting result from the analysis was that, using the ontology, we were able to identify additional functional domains in two dual specificity phosphatases, presenting the opportunity to refine the classification of the subfamily into further subtypes. Alonso et al. (2004) , describe the 'atypical' dual specificity phosphatases as being divided into seven subtypes. The largest of these have the same p-domain architecture; they contain tyrosine phosphatase and dual specificity catalytic p-domains alone. However, several proteins have additional functional domains that have been shown to confer functional specificity (Wang et al., 2001) . Classifying the proteins using the ontology highlighted more of these 'extra' p-domains.
The protein DUS12 contains a zinc finger domain (IPR007087). This protein has been characterised not only in the human genome (Marco et al., 1999) , but in many other species (Kumar et al., 2004) . In the classification presented by Alonso et al., (2004) the protein is present, but is miss-annotated as containing a FYVE domain. FYVE domains are different types of zinc finger domains which occur in the myotubularin proteins MTMR3 and MTMR4. Earlier reviews of the tyrosine phosphatase family, however, do include the zinc finger domain in the protein (Bhaduri & Sowdhamini, 2003) . These results illustrate an inconsistency in the accepted protein phosphatase community knowledge and highlight a possible disadvantage of human expert annotation, namely human error leading to omission.
The dual specificity phosphatase 10 protein (DUSP10) contains a disintegrin domain. The UniProt record reflects this, but the domain does not appear in any phosphatase characterisation/ classification studies. The domain architecture of DUSP10 is conserved in other species (data not shown), which suggests a specific function for the domain, but current experimental evidence does not explain what this might be.
Aspergillus fumigatus
The success of the ontology system in classifying the known human phosphatases enables the classification of phosphatases from incomplete or unannotated genomes. The A.fumigatus genome has been partially annotated. It has been sequenced, and is being annotated by human experts. Therefore, the protein data currently consists of both predicted and known proteins. The predicted proteins may contain descriptions based upon automated similarity searches, producing entries termed 'hypothetical' or 'putative', but their annotation is limited.
Using the ontology system to classify the phosphatases allows a comparison between the proteins already annotated and those with partial annotation from similarity searching. Table 2 summarises the classes of A.fumigatus protein phosphatases identified by the ontology system.
The table illustrates important differences between the phosphatases of the two test organisms. The protein serine/threonine phosphatase composition remains relatively unchanged, but there are radical differences between the tyrosine and dual specificity subfamilies. Firstly, the number of proteins in A.fumigatus is greatly reduced. Where the human genome contains 16 myotubularin proteins and 11 MAP kinase phosphatase proteins, A.fumigatus contains only one of each. The number of 'classical' protein tyrosine phosphatases is also reduced. There are no incidences of receptor tyrosine phosphatases and only three non-receptor tyrosine phosphatases. These results may initially seem surprising, but the complexity of the two organisms is radically different. Requirements for tissue specificity, for example, are reduced in A.fumigatus, and some tyrosine phosphatases have been shown to exhibit tissue-specific expression (Chagnon et al., 2004) . There is also the issue of the pathways that the 'missing' phosphatases are involved in. Some phosphorylation pathways would be expected to be conserved, but it should also be expected that specific mammalian and fungal pathways would require different phosphatase components.
The ontology classification uncovered a protein phosphatase with a novel domain architecture. Protein Afu5g09360 is a calcineurin protein (PP2B) which contains an extra homeobox domain. The homeobox domain binds to DNA using a helix-turn-helix structural motif. It is found in a variety of DNA-binding proteins, many of which are transcription factors.
PP2B is well conserved throughout evolution. Performing BLAST analyses on Afu5g09360 and InterproScans of the proteins exhibiting the most similarity (data not shown) revealed that the homeobox domain in PP2B was present in other aspergillus species and closely related fungi, but was not present in any other taxa. The conservation strongly suggests a specific function for this extra domain. Previous studies have identified a divergence in the mechanisms of action of calcineurin in pathogenic fungi (Kraus & at Serial Record on August 20, 2010 Heitman, 2003) and have also demonstrated that this is critical for virulence. Other studies on one function of calcineurin in Arabidopsis, ion homeostasis, (Shin et al., 2004) have revealed a homeobox protein, Athb-12, is also involved. This study raises the possibility of a similar regulatory role for the homeobox domain in the A.fumigatus protein, but confirmatory experimental evidence will have to be obtained.
The ontology system vs. A.fumigatus genome automated annotation pipeline
Many of the protein phosphatases identified in the ontology classification system had not been classified and curated manually by the A.fumigatus genome group, but had simply been annotated using the results of automated annotation methods (Allen et al., 2004) . In many cases, the automated annotation approach underperformed when compared to the ontology system. The ontology classification placed proteins into more specific classes than the automated approach adopted by the A.fumigatus genome group. For example, the ontology classified the protein Afu1g05640 as a myotubularin, a specific subclass of the dual-specificity phosphatases, which is a lipid phosphatase. The annotation from the A.fumigatus sequencing consortium simply stated that it was a protein phosphatase. In one case, the A.fumigatus annotation appeared to provide a more detailed classification than the ontology. The protein Afu2g11990 was annotated as a Pten phosphatase, whereas the ontology simply classified it as a dual specificity phosphatase (the parent class of Pten). However, on closer inspection, the protein did not contain p-domains indicative of Pten proteins (Alonso et al., 2004) . A sequence similarity search revealed partial similarity to the Pten protein from Dictyostelium discoideum, but this was in the region of the dual specificity phosphatase domain, so there does not appear to be sufficient evidence to place this protein in the Pten phosphatase class. Table 3 shows the comparative classifications of protein phosphatases in the ontology system and in the automated A.fumigatus annotation pipeline.
DISCUSSION
Post-genomic bioinformatics presents new problems for the bioinformatician. The scale of data production has increased dramatically while the pace of data analysis and annotation has not kept pace. Often, compromises on the quality of annotation have to be made in order to interpret large data sets quickly. We have tried to avoid making such a compromise by designing a system that will allow rapid, automated classification to the fine-grained, subfamily level. This study demonstrates the advantages of combining community knowledge, in the form of an ontology, with automated annotation methods.
Standard automated methods of annotation provide evidence for similarity to other known proteins, or provide lists of functional domains within a protein, but they do not allow the interpretation of this information. The strength of human expert annotation is in at Serial Record on August 20, 2010 this interpretation step. In our novel approach, we were able to replace this interpretation step with further automation. Using the technologies of formal description logics and ontological reasoning, we could capture and utilise community knowledge for data analysis. By using InterproScan to perform the domain composition analyses, we are able to benefit from the combined advantages of all of the different domain/motif searching techniques developed by the protein domain databases that contribute to Interpro. Our method does not replace the need to use these domain identification tools, nor does it introduce a novel detection method; it simply provides a mechanism for automatically interpreting the results of these searches.
The ontology system classified the human protein phosphatases with equal competence to human experts, enabling confidence to be placed in similar studies of the proteins of uncharacterised genomes. It was also discovered that the ontology system was efficient at uncovering novel, unexpected functional domains and therefore uncovering interesting new targets for future research. The computational use of human knowledge in our methodology allows a systematic, thorough approach to the classification of proteins in a genome. It is possible for a human bioinformatician to perform the same task, but human annotators often have a particular question in mind when searching and consequently may overlook outliers that do not match this pre-formed template. In addition, this system avoids human frailties of slips, omissions and boredom.
The ontology definitions were constructed from what was known to be present. If a domain was found in a protein that did not appear in the ontology, there was a notable inconsistency in the Instance Store, enabling easy identification. In the human study, two of these unexpected domains were identified. The zinc finger domain in the dual specificity phosphatase C protein has been well characterised, first in Plasmodium falciparum, and later in other organisms. It is omitted from the most recent phosphatase classification (Alonso et al., 2004) , but is included in previous works (Bhaduri & Sowdhamini, 2003) , which highlights inconsistencies and discrepancies within the phosphatase community knowledge base.
The disintegrin domain identified in DUSP10 provides a more interesting and open biological question. It is a distinct functional domain and is conserved in the DUSP10 protein from other species (data not shown). This conservation suggests a specific role for this domain, but, to date, there is no experimental evidence. In vivo studies on the protein have identified a role in the innate and adaptive immune response and it has also been found to block the enzymatic activity of the MAP Kinases, p38, JNK and SAPK.
The results from A.fumigatus also produced interesting biological questions. The homeobox domain identified in protein Afu5g09360 appears to be conserved across Aspergillus species and closely related fungi, but does not appear in any other taxa. This could perhaps suggest a fungal-specific pathway for the phosphatase. A broader question arising from the A.fumigatus study is a comparative genomics question. A comparative study of other fungal species and species from other taxa, could greatly increase our understanding of the evolution of protein phosphorylation, and the ontology system developed in this study provides a unique opportunity to gather the data for such a study.
Work with the ontology system can also be expanded to other protein families. Protein phosphatases provided a good usecase and proof of concept for our method, but the method is not confined to one family of proteins. Work is underway to construct a similar ontology for the ABC transporters and potassium channel proteins and eventually we would like to do the same for the protein kinase domain, allowing the extraction and classification of the phosphorylome from new genomes.
The development of such ontologies is limited by our knowledge of the features that determine particular functionality in a protein and the availability of tools to detect all those features. We have observed, for instance, that some classifications are based upon tissue specificity of a protein that is based upon regulation of sequence identical proteins by other genetic features. Detecting such information lies outside the tools currently used in our methodology. In other cases, the ordering of sequence features is important for recognizing protein family type. Such ordering is not usually possible in OWL, but an ontology design pattern now exists for expressing lists and we expect to employ this pattern in the near future. Nevertheless, the possibilities and limitations of our approach remain to be fully explored.
By combining ontology reasoning with the myGrid service layer, we have produced an automated annotation system that can perform genome-wide surveys and protein classification equal to the 'gold standard' of human expert annotation. We believe that this work could also have wider implications within bioinformatics. Currently, the use of ontological technology has been largely restricted to enhancing browsing and querying over existing data. In this paper, we have described the application of the computationally amenable semantics of an OWL ontology to the enhancement of community-developed knowledge. By encoding pre-existing community knowledge in this way, we have gained the advantage of automation and the ability to systematically analyse large volumes of biological data. In this case, this has resulted in the uncovering of interesting biological observations that will lead to further experimental investigation.
While in this paper we have focused on proteins, this method is applicable to any area of biology where properties defining class membership can be derived from automated analysis tools. For these reasons, we believe that this style of automatic classification could have a great impact in bioinformatics analyses.
